Abstract-A novel current control method based on improved repetitive control (RC) and fuzzy reasoning immune feedback for single-stage single-phase grid-connected (SSSPGC) photovoltaic (PV) system is proposed. Low-pass filter with zero-phase-shift is employed for delay part of RC to make better tradeoff between robustness and performance. Then the compensation part based on linear lead compensation function and a low-pass filter is designed so that the control method could be independent on the precise model of the plant. At last, an immune feedback controller based on fuzzy reasoning is presented to assure suitable amount of stability margin and better dynamic performance. A prototype of SSSPGC PV system is developed, and experimental results of the prototype under steady-state conditions verify the correctness and effectiveness of the proposed current control method.
INTRODUCTION
In recent years, power generation technologies with new energy sources are developing rapidly. Among these technologies, photovoltaic (PV) power generation is one of the most potential candidate for the large-scale adoption of renewable energy. Grid-connected PV generation is considered to be the inevitable large-scale development trend [1, 2] , and single-stage single-phase grid-connected(SSSPGC) PV system which is characterized as low cost, high reliability and flexible configuration, will become the main form of PV generation for promotion and popularization.
When topology and maximum power point tracking (MPPT) strategy of SSSPGC PV system are determined, the performance of the system mainly depends on the current control method. Repetitive control (RC), which can track periodic signal accurately, has been thought to be the most effective method for improving steady-state performance [3, 4] . Since the reference signal of current control loop for SSSPGC PV system is periodic, scholars at home and abroad have presented many control schemes based on RC to achieve better performance [5, 6] . However, it is difficult to make good tradeoff between stability and performance in designing RC controller, thus an improved RC is proposed, and a new current control method with the improved RC and fuzzy reasoning immune feedback control is presented. First, low-pass filter with zerophase-shift is employed for delay part of the improved RC, and the phase lag caused by regular filter is avoided. Then, the compensation part based on linear lead compensation function and a low-pass filter is designed, so that the control method could be independent on the precise model of the plant, and the influence of no modeling error and high frequency interference is eliminated. At last, immune feedback with fuzzy reasoning is presented to assure suitable amount of stability margin and dynamic response speed. Experimental results of SSSPGC PV system prototype with the proposed current control method show that better performance is attained, and the method is simple and easy to be implemented.
II. ANALYSIS OF CURRENT CONTROL METHOD BASED ON GENERAL REPETITIVE CONTROL
A. Model of SSSPGC PV System SSSPGC PV system which is shown in Figure 1 , consists of PV panels, a capacitor, a voltage source inverter(VSI), and an output filter. The output of the PV panels is directly connected to the dc-link of the single-phase VSI, and the output of the inverter is connected to the grid through the output filter. As switching frequency of SSSPGC PV system is much higher than fundamental frequency, when low frequency characteristics of the circuit is analyzed, the influence of C f which is used for filtering high harmonic can be ignored, and the equivalent inductance L f of output filter is L f =L f1 +L f2 . If modeling with state average method, the mathematical model of SSSPGC PV system is expressed as
Where u, e, i and u d denote, respectively, the inverter voltage, grid voltage, output current and DC voltage of the capacitor, and R is the equivalent resistance of output filter as well as switching losses.
Obviously, for dc-link voltage control with dc reference inputs, proportional-integral (PI) compensator can realize the dc reference tracking. However current control with ac reference inputs is impossible to attain satisfied performance with PI control, and RC which is proposed for eliminating steady-state error, can bring better steady-state performance for current control. Figure Transfer function of general RC is as follows:
B. Analyisis of Current Control based on General RC
Where z=e jωT s =e j2kπ/N , and N=f s /f, with f=1/T being the reference signal frequency and f s =1/T s being the sampling frequency, Q(z) is a low pass filter or a constant smaller than 1, and G x (z) is a compensator designed for the controlled object.
Notice that when the reference or disturbance is periodical signal, and its angular frequency is 2kπ/T with k∈ [0,N/2]， then z -N =1. Thus the performance of RC depends on the design of Q(z) and G x (z).
According to Figure 2 , the overall controller of SSSPGC PV system consists of feedback controller G f (z) and RC controller G r (z)，and its transfer function is
The characteristic polynomial P(z) of the total controller is as follows :
By substituting (3) and (5), the condition (4) yields
According to equation (6), if stability margin is assured by feedback controller G f (z), with small gain theorem [7] , sufficient condition for stability of the total controller can be concluded as
If reference or disturbance is periodical signal, and z -N =1 is satisfied, the condition (7) can be simplified as
In order to study the steady-state accuracy, define the transfer function of tracking error G e (z) as
By substituting (2), the equation (9) yields
According to (8) , if |Q(z)|<1 ， stability margin can be improved, and according to (10), if Q(z)=1，then G e (z)=0，
which means steady-state tracking error of various harmonic disturbance will converge to zero. Thus the design of Q(z) is the compromise between stability and steady-state tracking error.
On condition of |Q(z)|<1 for minimum phase systems,
The transfer function G e (z) is
If compensator G x (z) is designed according to equation (11), the best steady-state performance can be achieved. However, due to the existence of parameter error and modeling error, it is difficult to obtain precise model G s (z), even precise model G s (z) is established, due to changes of environmental factors in operating conditions, equation (11) is difficult to be guaranteed. ON IMPROVED REPETITIVE CONTROL Based on the above analysis, the RC controller should be further modified to solve the conflict between the performance and stability, and the dependence on the precise object model of controller design should be reduced. This paper proposes a new current control method based on improved RC, and the structure of the new method for SSSPGC PV system is shown as Figure 3 . The new controller for SSSPGC PV system consists of improved RC controller G rc (z) and immune feedback controller G i (z) .
III. AN NOVEL CURRENT CONTROL METHOD BASED
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A. Design of Improved RC
In the improved RC controller, Q(z) is designed as a low pass filter to achieve a compromise between stability and performance. Since regular low pass filter will cause phase lag, a low pass filter with zero-phase-shift is employed to eliminate the delay, and Q(z) here is designed as
Where k q is the gain of Q(z)，Q o (z) is a low pass filter with zero-phase-shift, and its structure is
And the order of Q o (z) is 2D+1.
Since delay part z -N is included in improved RC, and N is much bigger than D, the low pass filter with zero-phase-shift
As to the design of compensator G s -1 (z), linear phase lead compensation is employed. Since the current control loop of SSSPGC PV system is a typical delay system, a lead compensator can be used to approach the controlled object, for simplifying the computation, G x (z) can be designed as
Where m is the lead step, and G p (z) is a low pass filter.
In the improved design of G s -1 (z), z m provides a phase lead to compensate the phase lag of the object model, and G p (z) is utilized to eliminate the influence of high frequency disturbance.
B. Immune Feedback Controller Based on Fuzzy Reasoning
Control system of SSSPGC PV system is nonlinear and time-varying due to its dc-link voltage ripple, the dead time and switching delays of the inverter, so a regular P or PI controller will be difficult to achieve satisfactory performance. Nevertheless, artificial immune system is good at dealing with uncertainty, time-varying and nonlinear system, so immune feedback control is designed in to ensure sufficient stability margin and good dynamic performance.
With the thought of immune system, suppose tracking error e(k) as the antigen, output u(k) of feedback control as total activation of B cell [8] , the immune feedback controller for current control loop can be expressed as
Where K is the stimulation factor, η is the ratio of stimulation factor to suppression factor, and f(·) is a nonlinear suppression function within the confines of [0,1].
In order to reduce design complexity and computing delay, fuzzy reasoning is adopted to achieve the approximation of the nonlinear function f(·), and a novel immune feedback controller G i (z) is designed as
Where k max and k min are maximum and minimum of G i (z), and they are determined according to expected bandwidth and damping ratio. f(·) is realized by fuzzy reasoning with error e(k) and error change rate e c (k) as the input parameters, and v(k) as the output parameter. Parameters of f(·) are defined as {−3,−2,−1,0,1,2,3}, and non-uniform quantization rule is applied to accomplish the fuzzification. The fuzzification of error e(k) as an example is shown in Table I .
It can be concluded that when the error e(k) is large, the value of f(·) should be bigger to improve the response speed. While when the error e(k) is small, the value of f(·) should be smaller to improve the accuracy. Moreover, f(·) should take the smaller value if e(k) and e c (k) have the same sign, and take the bigger value if e(k) and e c (k) have the opposite sign. On the basis of above rules, the fuzzy control table can be described as Table II. 
Uniform quantization rule is utilized for the clarification of output parameter v(k), and value of f(·) is calculated as
Where C k is the fuzzy class of v(k), and λ u is the clarification factor.
IV. EXPERIMENTAL RESULTS OF SSSPGC PV SYSTEM
The novel current control method based on improved RC is validated by a prototype of 200W SSSPGC PV system. The prototype shown in Figure 4 is composed of photovoltaic cells HG-110P, power conversion circuit shown as Figure 1 , and a control system based on the method proposed in this paper. The SSSPGC PV system generates power to grid through a transformer, and the voltage of the low voltage terminal for transformer is 15V. Figure 5 shows the ac-link voltage and current waves of SSSPGC PV system operating in power generating mode. The experimental results show that the output power of SSSPGC PV system is of good quality and unit factor, which verifies the accuracy and effectiveness of the proposed current control method.
V. CONCLUSION
In this paper, a novel current control method based on improved RC is proposed. An improved RC controller with zero-phase-shift low pass filter and linear lead compensation function is designed to improve the steady-state performance, and a simple feedback controller based on immune feedback with fuzzy reasoning is presented to assure stability margin and dynamic performance. Experimental results of SSSP PV system prove that the proposed method is correct, effective and easy to be implemented.
